A Pseudomonas pseudoalkaligenes able to use nitrobenzene as the sole source of carbon, nitrogen, and energy was isolated from soil and groundwater contaminated with nitrobenzene. The range of aromatic substrates able to support growth was limited to nitrobenzene, hydroxylaminobenzene, and 2-aminophenol. Washed suspensions of nitrobenzene-grown cells removed nitrobenzene from culture fluids with the concomitant release of ammonia. Nitrobenzene, nitrosobenzene, hydroxylaminobenzene, and 2-aminophenol stimulated oxygen uptake in resting cells and in extracts of nitrobenzene-grown cells. Under aerobic and anaerobic conditions, crude extracts converted nitrobenzene to 2-aminophenol with oxidation of 2 mol of NADPH. Ring cleavage, which required ferrous iron, produced a transient yellow product with a maximum A380. In the presence of NAD, the product disappeared and NADH was produced. In the absence of NAD, the ring fission product was spontaneously converted to picolinic acid, which was not further metabolized. These results indicate that the catabolic pathway involves the reduction of nitrobenzene to nitrosobenzene and then to hydroxylaminobenzene; each of these steps requires 1 mol of NADPH. An enzyme-mediated Bamberger-like rearrangement converts hydroxylaminobenzene to 2-aminophenol, which then undergoes meta ring cleavage to 2-aminomuconic semialdehyde. The mechanism for release of ammonia and subsequent metabolism are under investigation.
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Nitrobenzene is the primary starting material for the manufacture of aniline, which consumes some 97% of the nitrobenzene produced in the United States (7) . It is frequently released in the effluent from explosives manufacture as well as in the manufacture of organic chemicals and plastics (14) . The pollution potential is great, and nitrobenzene is listed as a U.S. Environmental Protection Agency priority pollutant (17) , yet little is known about its biodegradation. Degradation of nitrobenzene has been detected in various waste streams and sludges (9, 25, 26) and in soil enrichment cultures (13, 21) , but the degradative pathways remain unknown.
Both oxidative pathways that result in the release of nitrite from the aromatic ring (3, 4, 6, 11, 22, 34, 35, 39) and reductive pathways that liberate ammonia (10, 38, 39) have been reported for degradation of nitroaromatic compounds. Recent work has shown that various monooxygenase and dioxygenase enzymes can attack nitrobenzene (12) , but the attack leads to dead-end products in the systems studied and the nitro group remains bound to the ring.
We report here the isolation and characterization of a Pseudomonas pseudoalcaligenes which is able to use nitrobenzene as a sole source of carbon, nitrogen, and energy. We present evidence for an initial partial reduction to hydroxylaminobenzene, which undergoes a novel rearrangement to 2-aminophenol and then meta ring cleavage.
MATERIALS AND METHODS
Isolation and growth of bacteria. Soil and groundwater samples were obtained from a nitrobenzene-manufacturing facility in Pascagoula, Miss. One milliliter of a slurry of the soil and water was inoculated into 125 ml of minimal medium (MSB) (36) . Nitrobenzene was provided in the vapor phase as the sole carbon source via a glass bulb suspended through a foam plug in the neck of a 250-ml shake flask. Cultures * Corresponding author.
were incubated at 30°C with shaking at 200 rpm in a Gyrotory shaker. Nitrobenzene concentrations in the MSB were monitored by high-performance liquid chromatography (HPLC; see below). Transfers to fresh MSB were made when concentrations of nitrobenzene in the culture medium decreased, and the cultures became turbid. After 2 months of enrichment, samples were spread on MSB agar plates supplemented with yeast extract (200 mg/liter). Nitrobenzene was provided in the vapor phase via tubes (5 by 60 mm) plugged with cotton and placed in the lids of the petri plates. The plates were then sealed with Parafilm M (American National Can, Greenwich, Conn.).
Strains were characterized by standard procedures (29) and with GN Microplates (Biolog, Inc., Hayward, Calif.). The ability of nitrobenzene-degrading strains to use other aromatic compounds as growth substrates was screened by auxanography (23), or, for volatile compounds, the substrate was provided in the vapor phase.
Cultures were maintained on an agar-solidified, nitrogenfree medium (BLK) as previously described by Bruhn et al. (2) , with nitrobenzene provided as described above.
For experiments with induced cells, cultures containing nitrobenzene (2.5 mM) in BLK (125 ml) were grown for 24 h at 30°C with shaking (200 rpm). These cultures were inoculated into 1.5 liters of BLK containing nitrobenzene (2.5 mM) and incubated with shaking. After 16 h, a second aliquot of nitrobenzene (2.5 mM) was added to the culture, and incubation was continued for 2 to 3 h until all of the nitrobenzene disappeared. Cells were harvested by centrifugation and washed twice with fresh phosphate buffer (0.02 M, pH 7.0) before use in subsequent experiments. Uninduced cells were grown overnight in BLK supplemented g for 60 min at 4°C; the pellets were discarded, and the supematant fluids were stored on ice until used.
Enzyme assays. Catechol 1,2-dioxygenase and catechol 2,3-dioxygenase were measured as described previously (33 (30) . Nitrite (29) and ammonia (24) UV spectrum and HPLC retention time matched those of picolinic acid (Fig. 3A) . When NAD was included in the reaction mixture, the yellow metabolite appeared transiently but was not converted to picolinic acid. Instead, a compound with a maximum A340 accumulated and then slowly disappeared (Fig. 3B) . When cell extracts that had been centrifuged at 100,000 x g were used, the maximum A340 was stable. Attempts to extract the yellow product resulted in the formation of picolinic acid. Dialysis of the cell extracts slowed the rate of the conversion of 2-aminophenol to the yellow product by 80%; addition of ferrous ions enhanced the reaction rate by 420% above that of undialyzed extracts. Heating of the cell extracts to 50°C for 5 min reduced the reaction rate by 90%, and heating to 60°C abolished the activity.
The compound with a maximum A340 appeared only in reaction mixtures that included NAD. The addition of lactic dehydrogenase (1 U) and pyruvate (0.2 ,mol) to reaction mixtures prevented the accumulation of the compound with A340. NADH added to control mixtures without substrate showed the same UV spectrum, which slowly disappeared with cell extracts centrifuged at 26,000 x g but not with extracts centrifuged at 100,000 x g. These results provide strong evidence that the compound with A340 was NADH. Multiple additions of 2-aminophenol could be made to mixtures containing cell extracts centrifuged at 26,000 x g without requiring additional NAD to prevent formation of picolinate. In contrast, mixtures containing cell extracts centrifuged at 100,000 x g produced increasing amounts of both NADH and picolinate with each addition of 2-aminophenol. These results indicate that some type of membrane-associated NADH oxidase reoxidized the NADH.
DISCUSSION
The accumulation of ammonia but not nitrite in media of nitrobenzene-grown cultures of P. pseudoalcaligenes JS45 suggested that the initial attack on the nitro group was reductive rather than oxidative as has been reported for 2-and 4-nitrophenol (32, 40), 2,4-dinitrotoluene (35) , and 1,3-dinitrobenzene (6, 22) . The further observation that hydroxylaminobenzene but not aniline served as a growth substrate suggested that the degradation of nitrobenzene proceeded by a partial reductive pathway similar to that demonstrated in a Comamonas acidovorans for 4-nitrobenzoate (10) . The results of the simultaneous adaptation studies provided additional evidence for a reductive pathway. The C. acidovorans (10) (37) .
Although there have been reports of organisms able to degrade 2-aminophenol, the pathway remains unknown (1, 18) . In our studies, freshly prepared extracts of nitrobenzene-grown cells caused the rapid disappearance of 2-aminophenol and the concomitant production of picolinic acid which was strongly reminiscent of the formation of quinolinate from 3-hydroxyanthranilate during the biosynthesis of nicotinic acid (19, 20) (Fig. 4) genase with 2-aminophenol was 1,000-fold slower than the reaction of the enzyme with the physiological substrate. The 2-aminomuconic semialdehyde gave a transient maximum A380. Similarly, a catechol 1,2-dioxygenase from Pseudomonas aeruginosa 2x (15) was reported to cleave 2-aminophenol in an extradiol fashion to form 2-aminomuconic semialdehyde with subsequent dehydration to picolinate, but the rate of the reaction with 2-aminophenol was lower than that for catechol cleavage although still sufficient for growth on 2-aminophenol (16) . The similarity of the sequence of events in these two systems to that for JS45 supports our interpretation of the ring cleavage mechanism. The transient A380 reported by Que for 2-aminomuconic semialdehyde is in agreement with our findings. However, in contrast to these systems, the rate of cleavage of 2-aminophenol is 60 times faster than the rate of cleavage of catechol by JS45, suggesting that 2-aminophenol and not catechol is the physiological substrate for the JS45 enzyme.
The addition of NAD to mixtures of 2-aminophenol and cell extracts prevented the formation of picolinate from 2-aminomuconic semialdehyde. In the presence of NAD, the semialdehyde disappeared and NADH accumulated before it was slowly recycled. Growth studies with whole cells demonstrated the liberation of ammonia. These findings and the failure of induced cells to utilize picolinate suggest that picolinate is not directly on the 2-aminophenol degradative pathway but is the product of a nonenzymatic reaction. The products of the NAD-dependent reaction have not been identified. They show no UV absorbance, which suggests the loss of the conjugated double bonds.
On the basis of our results and analogy with other systems, we propose the following pathway for the initial steps in the degradation of nitrobenzene (Fig. 5) . Nitrobenzene is reduced to hydroxylaminobenzene via nitrosobenzene with the concomitant oxidation of 2 mol of NADPH. An enzymecatalyzed rearrangement of hydroxylaminobenzene results in the formation of 2-aminophenol. Ring cleavage produces 2-aminomuconic semialdehyde, which then is further degraded via NAD-dependent reactions. Ammonia is liberated following ring cleavage. An effort is currently being made to determine the steps leading to the release of ammonia.
